The cerebral cortex of the human brain has a complex morphological structure consisting of folded or smooth cortical surfaces. These morphological features are referred to as cortical gyrification and are characterized by the gyrification index (GI). A number of cortical gyrification studies have been published using the manual tracing GI, automated GI, and local GI in patients with schizophrenia. In this review, we highlighted abnormal cortical gyrification in patients with schizophrenia, first-episode schizophrenia, siblings of patients, and high-risk and at-risk individuals. Previous researches also indicated that abnormalities in cortical gyrification may underlie the severity of clinical symptoms, neurological soft signs, and executive functions. A substantial body of research has been conducted; however, some researches showed an increased GI, which is called as "hypergyria," and others showed a decreased GI, which is called as "hypogyria." We discussed that different GI methods and a wide variety of characteristics, such as age, sex, stage, and severity of illness, might be important reasons for the conflicting findings. These issues still need to be considered, and future studies should address them.
Introduction
Several brain structural abnormalities in schizophrenia have been demonstrated by a large number of computed tomographic and MRI studies. These findings have most commonly been demonstrated by region of interest (ROI) studies, and a more detailed examination has been achieved by voxel-based morphometry (VBM) studies. Metaanalytic reviews of ROI and VBM studies have consistently shown that schizophrenia is associated with a reduction in gray matter volume and indicated that the frontal lobe, anterior cingulate gyrus, thalamus, superior temporal gyrus, and left medial temporal lobe are key regions for structural deficits. [1] [2] [3] [4] [5] A consensus has emerged that schizophrenia arises, at least in part, due to abnormalities in brain development. [6] [7] [8] Over the last two decades, surface-based morphometry (SBM) techniques, such as the FreeSurfer software package (https://surfer.nmr.mgh.harvard.edu/), have been developed, enabling the examination of various brain features that are not limited to volume but also include surface area, curvature, cortical thickness, and cortical gyrification. 30 The cerebral cortex of the human brain has a complex morphological structure that consists of folded or smooth cortical surfaces. These morphological features are called cortical gyrification (or cortical folding) and are characterized by the gyrification index (GI). The GI is the ratio between the complete superficial contour ("the pial surface") and the outer contour of the cortical part of the cortex ("the outer smoothed surface"). [31] [32] [33] The cortical gyrification represented by the GI in schizophrenia is of great interest because alterations in cortical gyrification may reflect an underlying disorder in neural connectivity during the maturation of the brain. 34 , 35 
Development of a measure of the Gi
In early studies on cortical gyrification, the pial surface ( Figure 1A , red) and outer smoothed surface ( Figure 1A , green) are used to calculate the ratio because the GI is traced manually in 2D space, such as in the coronal plane for MRI data 36 or in a postmortem brain. 32, 37 This method, called the manual tracing GI, is used in initial studies of cortical gyrification in schizophrenia; however, this method has some limitations. The human brain is very complex and is hard to trace precisely, so the sensitivity of the manual trace of the human brain can easily be lost due to the heterogeneity of the disorder group and/or the healthy control group. Thus, results from the manual tracing GI are less accurate and repeatable. Moreover, due to hand tracing requirements, the time and costs of implementing in vivo manual tracing GI are significant. 38 The automated GI (A-GI) 38, 39 enables the ability to trace the pial surface and outer smoothed surface automatically and also to analyze the surfaces with segmented ROIs, such as the whole prefrontal lobe 38 and four segmented prefrontal lobes. 40 However, the manual tracing and A-GI are biased by the slice orientation and/or by the presence of buried sulci, and these methods have only been used to explore broad regional differences without targeting anatomically defined gyri and sulci.
The local GI (LGI), which is performed by FreeSurfer, is a measurement based on the SBM technique. The pial surface is defined automatically, and the outer smoothed surface is mathematically determined. The accuracy and repeatability of the LGI are maintained at higher levels compared with those of the manual tracing GI method. In the FreeSurfer pipeline, MRI data, which is in 2D space, are reconstructed into 3D models that consist of over 300,000 vertexes ( Figure 1C) . Each vertex has an LGI value, which is the ratio of the pial surface and outer smoothed surface within a spherical ROI ( Figure 1B, C) . 30 The LGI method enables whole brain analysis and ROI analysis with 40-74 cortical parcellations in each hemisphere. 11, 15, 41 Today, measurement of the LGI is widely accepted and used in psychiatric studies, such as in first-episode psychosis, 42 depression, 43 mental retardation, 44 22q11 deletion, 45 and schizophrenia.
Biology of cortical gyrification
The GI increases rapidly and reaches a transient maximum between weeks 66 and 80 postconception. Then, the GI decreases by 18% from the maximal value to the adult level, which is reached at an age of almost 23 years. [32] [33] [34] From birth to 2 years of age, there is regionally heterogeneous cortical gyrification development, with high growth regions located in the association cortex and low growth regions located in sensorimotor, auditory, and visual cortices. 46 The regional heterogeneity of cortical gyrification is also confirmed by the decreasing phase. In a study investigating alternations in the GI between 20 and 85 years using the LGI method, the LGI was decreased until 85 years of age in the whole brain but was strongly decreased in the postcentral, supramarginal, and inferior parietal lobes (IPLs). The decreasing functions of LGI vary between regions, and the LGI in the frontal lobe decreases quadratically. 
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Cortical gyrification in schizophrenia While in the decreasing phase, the degree of alteration differs between males and females. Mutlu et al examined alternations of cortical gyrification over the period of 5-30 years of age. 90 They reported that the slope of the LGI decreased with age in the prefrontal region and that the decrease was steeper in males than in females. In addition, the findings regarding sex differences in cortical gyrification are mixed. 48 The postmortem study using the manual tracing GI method showed no differences, 32 but an MRI study using cortical pattern matching methods 49 revealed greater cortical complexity in female in the superior frontal and parietal lobes. 50 There are two major hypotheses of the process of cortical gyrification, 33 the gray matter hypothesis 32 and mechanical tension hypothesis. 51, 52 Briefly, the gray matter hypothesis states that regional cortical gyrification is caused by growth processes during cortical development, such as neuronal differentiation and migration. These prenatal and early postnatal events provide a crucial foundation for subsequent changes in cortical gyrification that may occur during childhood, adolescence, and adulthood. The mechanical tension hypothesis states that underlying intracortical axonal connections influence cortical gyrification. Cortical regions with greater neural connectivity are associated with greater tension, which allows these brain regions to remain in closer proximity during brain growth, resulting in the formation of cortical gyri. Alterations in neural connectivity, such as those that occur during synaptic pruning and dendritic arborization, could conceivably alter the morphology of the gyri and sulci.
Abnormal cortical gyrification in chronic schizophrenia
A number of cortical gyrification studies in schizophrenia using the manual tracing GI, A-GI, and LGI have been published in the last two decades. In the manual tracing GI study, the mean GIs were significantly reduced in patients with schizophrenia in both anterior and posterior regions. 53 Patients showed a decreased GI in both hemispheres relative to healthy controls in the other study. 54 However, it has also been reported that the mean GI on the right hemisphere was significantly increased in male patients with schizophrenia compared with healthy controls. 37 In the A-GI study, patients showed a decreased GI in the prefrontal lobe, regardless of whether they had a low intelligence quotient (IQ). 39 Moreover, patients with schizophrenia and bipolar disorder have a decreased GI in the prefrontal lobe, including the ventral and dorsal subregions. 40 In these studies, the findings were inconsistent, with some studies showing an increased GI, called "hypergyria," and others showing a decreased GI, called "hypogyria." These conflicting findings were obtained using the manual tracing GI and A-GI. When using these methods, the findings depend on various factors, such as the specific chosen slices, whole brain, or whole prefrontal lobe. This variation might be one reason for the conflicting findings. Palaniyappan et al used the FreeSurfer package that enables the LGI to be calculated in multiple subregions of prefrontal cortex. 55 The results revealed both hypergyria and hypogyria regions in the prefrontal cortex of patients with schizophrenia. Decreased LGIs were observed in most of the ROIs in the left and right prefrontal cortexes, and increased LGIs were observed in the left and right front marginal regions. These findings measuring the LGI might resolve the dissociated findings using the manual tracing GI and A-GI. Sallet et al used the manual tracing GI and reported hypergyria in the anterior-most slice of the prefrontal lobe in patients with schizophrenia. 54 Palaniyappan et al discussed that it is likely that these slices included the frontomarginal sulcus, in which they found an increased LGI in their LGI study. Whole brain analysis in the LGI study provides rich information about abnormal cortical gyrification in schizophrenia. In the study that performed whole brain analysis, decreased
LGIs (hypogyria) were observed in the left hemisphere, with the greatest reduction occurring in the left insula, extending into the superior temporal gyrus and sulcus posteriorly and Broca's area anteriorly. 56 Decreased
LGIs were also confirmed in two large independent sample studies on Swedish and Norwegian subjects. Whole brain analyses combining the two samples showed decreased LGIs in the left pericentral region, right temporo-occipital region, and right medial parietal region; however, the regions with decreased LGIs were not identical between the Swedish sample and the Norwegian sample. 57 To summarize the results of the LGI studies, it is thought that a characteristic of cortical gyrification in schizophrenia is a decreased GI and hypogyria.
Abnormal cortical gyrification in first-episode schizophrenia and at-risk mental state (ARMS) individuals
In an earlier study of the A-GI, Harris et al examined the GI in four lobar regions of patients with first-episode schizophrenia. The results showed the increased GI in the right temporal lobe, a trend toward a significantly increased GI in the left temporal lobe, and also the decreased GI in the left 
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Matsuda and Ohi frontal lobe of patients with first-episode schizophrenia. 58 Subsequent findings of cortical gyrification in first-episode schizophrenia have been inconsistent. Hypergyria was found in the frontal, 59 ,60 temporal, 58, 61 and parietal lobes, 60 whereas some other studies did not find abnormal cortical gyrification. 42, 62, 63 These studies used different methods in terms of the measurement (the manual tracing GI, the A-GI, and a curvature) and different regions for analysis (sulcal, lobar, and ROI). Here, methodological differences might be one of the reasons for the inconsistent findings, as well as those of studies on chronic patients. Recently, Sasabayashi et al used the FreeSurfer package, calculated the LGI, and performed whole brain analysis. Their findings showed an increased GI in widespread clusters in the left frontal pole and bilateral occipital regions, including the rostral anterior cingulate gyri, right medial orbitofrontal region, and right superior parietal region. 64 In terms of the early phase of the illness, research on adolescent patients was also conducted. Palaniyappan et al examined the cortical gyrification of the whole brain using the LGI method in normal adolescents and individuals with the onset of schizophrenia at that age (the mean age was approximately 16 years). 65 They conducted a longitudinal study that involved a follow-up scan 2 years later. First, increased LGIs were found in the left fronto-insular cortex, including Broca's area and the anterior insula, and a decreased LGI was found in the right region of Wernicke's area extending into the posterior insula. Second, at the 2-year follow-up, a progressively decreased LGI was observed in the left fronto-insular cortex in patients, whereas the LGI continued to increase in healthy controls.
Abnormal cortical gyrification, especially in the frontal lobe, is also confirmed in ARMS. Tepest et al conducted comparisons of manual tracing GIs between patients with schizophrenia, individuals at risk, and healthy controls. The findings showed increased GIs in the frontal and parietal cortices of patients with schizophrenia and individuals at risk compared with healthy controls. Interestingly, the degree of the manual tracing GI increased stepwise. In the frontal lobe, the mean GI of individuals at risk was increased by 10% compared with the GI in healthy controls and the mean GI of patients with schizophrenia was increased by 9% compared with individuals who were at risk, and these trends were identical to the results in the parietal lobe. These findings indicate that an abnormal cortical gyrification in the frontal and/or parietal cortices can be a biological marker to predict the development of schizophrenia. Additionally, Tepest et al mentioned that there were at least (only) four individuals at risk who subsequently developed schizophrenia, meaning that the subsample was too small, so it was unclear whether the GI was predictive of developing schizophrenia or not. Sasabayashi et al added more evidence using a large ARMS cohort with and without later transition to psychotic disorders. 66 ARMS individuals showed an increased LGI compared with healthy controls in widespread cortical areas, including the bilateral frontal, temporal, parietal, and occipital regions; this risk was partly associated with prodromal symptomatology. In comparison between ARMS individuals who exhibited the transition to psychotic disorders (ARMS-T) and those who did not (ARMS-NT), ARMS-T individuals showed an increased GI in the left medial occipital region compared with ARMS-NT individuals. Sasabayashi et al discussed that an increased GI could be a surrogate marker of the transition to psychotic disorders.
Abnormal cortical gyrification in siblings, high-risk individuals, and genetic factors
Abnormal cortical gyrification is found in siblings of patients with schizophrenia and "high-risk" (HR) individuals who have family members with schizophrenia. Vogeley et al compared the manual tracing GI in the frontal lobe in a sibling with schizophrenia or schizoaffective disorder and a sibling without the disease. The results showed an increased GI in the right prefrontal region in the sibling with schizophrenia compared with those without the disease. 67 The Edinburgh High Risk Study (EHRS) collected structural MRI scans of young individuals at familial HR of schizophrenia. 68, 69 In the HR study using EHRS data, Harris et al compared manual tracing GIs between HR individuals who developed schizophrenia and HR individuals who did not. 36 The whole brain scans were divided into four regions, the prefrontal, temporal, parietal, and occipital lobes. Individuals were 16-25 years of age with a family history of schizophrenia. The finding was that the mean GI in the right prefrontal lobe of individuals who subsequently developed schizophrenia was increased compared with that of individuals who did not develop schizophrenia. This finding was replicated in a later study by Harris et al using the A-GI in a larger number of subjects, 17 HR individuals who developed schizophrenia and 128 HR individuals who did not. 70 Harris et al also conducted backward elimination logistic regression with group diagnosis (remained well or subsequently unwell). As the outcome, the A-GI in the right prefrontal lobe predicted group membership. They concluded that an increased GI in the right prefrontal lobe is a factor that can predict schizophrenia several years before illness onset. Additionally, these two studies noted that the measures 
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Cortical gyrification in schizophrenia of genetic liability were similar between those who did and did not develop schizophrenia; thus, they concluded that the GI difference was related to the phenotypic expression of the disease rather than purely to genetically mediated factors. 36, 70 These studies examined the differences between two HR individual groups, one included individuals who developed schizophrenia and the other included individuals who did not develop schizophrenia. Jou et al conducted a comparison between offspring or siblings of individuals with schizophrenia and healthy controls as a pilot study. The results showed a decreased GI in the left frontal lobe of HR individuals who developed schizophrenia. 71 However, Jou et al mentioned the limitations of their study, namely, that the sample size was small (9 HR individuals and 12 healthy controls) and consisted of only males. They noted that these factors limited the generalizability of the results. Falkai et al reported results that contradicted the decreased GI found in the Jou et al study. Falkai et al 91 conducted a comparison between four groups, 48 patients with schizophrenia, 29 family members suffering from a psychiatric illness other than schizophrenia, 53 family members lacking a psychiatric diagnosis, and 41 healthy controls. The results showed an increased GI in the schizophrenia and two-family member groups compared with healthy controls in the bilateral prefrontal lobe. If the decreased GI of HR individuals in the Jou et al study is an exceptional result, the other studies revealed that HR individuals who developed schizophrenia have an increased GI in the prefrontal lobe and HR individuals who have family who developed schizophrenia or another psychiatric disorder also have an increased GI.
The HR research explores the relationship between cortical gyrification and functional connectivity. Dauvermann et al hypothesized that an increased GI in the prefrontal cortex may reflect increased short range regional connectivity. 72 The data set consisted of 68 young unaffected relatives of patients with schizophrenia and 21 healthy controls of the EHRS who were used in the analysis of structural and functional MRI data with the Hayling task. The results showed positive associations between the A-GI in the prefrontal cortex and prefrontal lateral-medial connectivity in HR individuals, whereas a negative correlation was found between the A-GI in the prefrontal cortex and prefrontal-thalamic connectivity. These two correlations were more pronounced in HR individuals than in healthy controls.
Focusing on the genetic factors for schizophrenia and cortical gyrification, a study on the polygenic risk for schizophrenia was performed. Liu et al examined the correlation between the cumulative genetic risk for schizophrenia and cortical gyrification in healthy individuals using the LGI method. The results showed that a greater polygenic risk score was associated with a decreased GI in the bilateral IPLs. In contrast to the findings that showed an increased GI with the manual tracing GI and A-GI, a decreased GI was the major result of the LGI method, and a decreased GI in the bilateral IPL was consistent with the results in the casecontrol studies. 56, 73, 74 Liu et al discussed that common genetic variants of schizophrenia affect the cortical morphometry of the IPL and thus increase schizophrenia vulnerability.
Association between cortical gyrification and clinical symptoms, neurological soft signs (NSS), and executive functions
Sallet et al performed a study that used the manual tracing GI method, 54 and the clinical symptoms were assessed with the positive and negative syndrome scale (PANSS), 75 brief psychiatric rating scale, 76, 77 and negative symptom rating scale. 78 Symptom scores that tended to cluster around the paranoid dimension were associated with an increased GI. They also confirmed that the severity of the negative symptoms was inversely related to the values of the GI. In an LGI study, Sasabayashi et al examined the correlation between the LGI of patients with first-episode schizophrenia and the severity of clinical symptoms, 64 which was assessed with the scale for the assessment of positive and negative symptoms. 92, 93 The results showed that the severity of positive symptoms was related to increased LGIs in the right temporal pole, right insula, and right parahippocampal gyrus. In combination with those findings, it has been commonly found that the severity of positive symptoms is related to an increased GI, even though the methods used to calculate the GIs were not identical.
Auditory hallucination is a common positive symptom in schizophrenia. Meta-analyses of VBM studies revealed that the severity of auditory verbal hallucination (AVH) was significantly associated with gray matter volume reductions in the left superior temporal gyri (STG) and marginally with the right STG, including Heschl's gyri, 79 the left insula, and the left inferior frontal gyrus, including Broca's area. 80 In a cortical gyrification study using the LGI method, Kubera et al compared the LGIs of patients with persistent auditory verbal hallucinations (pAVH), those without hallucinatory symptoms (nAVH), and healthy controls. The results were that pAVH showed a decreased LGI in the right Broca's region compared with both nAVH patients and healthy controls. However, the correlations between the LGI and 
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Matsuda and Ohi PANSS-P scores were not significant, and thus, a decreased LGI in the right Broca's region, which reflected the presence of AVH, pointed to cortical gyrification being primarily state-independent. 81, 94 NSS are a broad range of subtle neurological deficits represented by minor neurological signs, such as minor motor and sensory deficits, which indicate nonspecific cerebral dysfunction. Originally, NSS were described as nonlocalizing neurological abnormalities that cannot be related to the impairment of a specific brain region. 82, 83 However, recent studies have revealed significant correlations between NSS and cortical features, including cortical gyrification in patients with schizophrenia 84, 85 and also healthy individuals. 86 Hirjak et al examined the relationship between the NSS levels and LGI in recent-onset schizophrenia patients in whole brain analysis. They revealed that higher sensory and spatial NSS were negatively associated with LGI changes in the left precentral gyrus and left precuneus and higher motor NSS were positively related to LGI changes in the bilateral supramarginal gyrus, right superior parietal area, and left superior temporal gyrus. The results of their subsequent study were not identical to those of the first study but showed negative correlations between the NSS scores and LGI in the left hemisphere in the ROI analysis. 85 Efforts to reveal the neural basis of the NSS are still ongoing, but an abnormal cortical gyrification may play a role in the presence of NSS in schizophrenia.
Several studies have examined the correlations between cognitive functions and alterations of cortical gyrification. Stanfield et al examined the relationship between the A-GI in the prefrontal lobe and IQ of two groups of young people, one group included individuals who were above the cutoff on the structured interview for schizotypy (SIS+) and the other included individuals who were below the cutoff (SIS-). 87, 95 Positive relationships between the A-GI in the right prefrontal lobe and IQ were shown in both groups; however, these relationships did not differ between the groups. In the LGI study, Sasabayashi et al examined the relationship between the LGI and executive functions in patients with first-episode schizophrenia. 64 They assessed the executive functions using the Wisconsin card sorting test (WCST). 88 The results were negative correlations between the category archived values of WCST and LGI in a cluster including the superior frontal gyrus, rostral and caudal anterior cingulate gyri, and rostral middle frontal gyrus in the right hemisphere.
Future research
In summary, a number of studies have found abnormal cortical gyrification in various stages of schizophrenia that abnormal cortical gyrification is correlated with clinical and behavioral abnormalities. However, there are conflicting findings in various studies that examine characteristics of cortical gyrification in schizophrenia. Different GI methods might be the most important reason for the conflicting findings. Moorhead et al examined the interclass correlation coefficients (ICC) between the manual tracing GI and A-GI of each side prefrontal lobe. The ICC for the two methods on the right side prefrontal lobe was 0.67 and that on the left side was 0.63. 38 These scores seemed to be somewhat low, but the statistical results between the two groups using two methods were identical to each other. Thus, the manual tracing GI and A-GI are similar methods, methodologically and also statistically. The LGI method based on the ROI, which is restricted within 25 mm, differs from the cantered vertex and does not contain the whole 2D brain on one slice, so the LGI on the single vertex was used for ROI analysis and whole brain analysis. 30 The LGI methods are based on the same concept, calculation of the ratio between two surfaces, as the two other methods. However, it is difficult to call them "identical."
The other reason for the conflicting findings is that studies examining abnormal cortical gyrification included a wide variety of characteristics, such as age, sex, stage, and severity of illness. As revealed in this review, these characteristics correlate with cortical gyrification. Hence, patient groups that include individuals who have various characteristics derive different results and/or an absence of results. Further investigations controlling for various factors will resolve these puzzling issues and reveal the nature of abnormal cortical gyrification in schizophrenia and in individuals who developed schizophrenia.
Many studies have discussed abnormal cortical gyrification as a biological marker for schizophrenia, which is conceivable, and several studies have succeeded in classifying patients with schizophrenia and healthy controls using structural features of the brain with high accuracies between 80% and 90%. 89 With this in mind, can cortical gyrification be used as a predictable marker in schizophrenia? If this is the case, can it have an even greater accuracy? In the study on HR individuals who subsequently developed schizophrenia and those who did not, the A-GI in right prefrontal lobe was able to predict individuals who developed schizophrenia. 70 Cortical gyrification develops in the early stages of life, and abnormalities of cortical gyrification are observed in individuals with an onset of schizophrenia at approximately 16 years. 65 Based on the above findings, abnormal cortical gyrification might predict younger individuals who will develop schizophrenia. 
Conclusion
A number of structural neuroimaging studies have revealed abnormal cortical gyrification in patients with schizophrenia, first-episode schizophrenia, siblings of patients, HR, and at-risk individuals. Abnormalities in cortical gyrification may also underlie the severity of clinical symptoms, NSS, and executive functions. An abnormal cortical gyrification can be a biological marker for schizophrenia. A substantial body of research has been conducted; however, conflicting issues are still unresolved. These issues still need to be considered, and future studies should address them.
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